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Microstructure of Interpass Rolled Wire + Arc
Additive Manufacturing Ti-6Al-4V Components
FILOMENO MARTINA, PAUL A. COLEGROVE, STEWART W. WILLIAMS,
and JONATHAN MEYER
Mechanical property anisotropy is one of the issues that are limiting the industrial adoption of
additive manufacturing (AM) Ti-6Al-4V components. To improve the deposits’ microstructure,
the eﬀect of high-pressure interpass rolling was evaluated, and a ﬂat and a proﬁled roller were
compared. The microstructure was changed from large columnar prior b grains that traversed
the component to equiaxed grains that were between 56 and 139 lm in size. The repetitive
variation in Widmansta¨tten a lamellae size was retained; however, with rolling, the overall size
was reduced. A ‘‘fundamental study’’ was used to gain insight into the microstructural changes
that occurred due to the combination of deformation and deposition. High-pressure interpass
rolling can overcome many of the shortcomings of AM, potentially aiding industrial
implementation of the process.
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I. INTRODUCTION
ADDITIVE manufacturing (AM) is a fabrication
technique in which a structure is created by depositing
successive layers. This approach enables substantial
material savings, compared to subtractive techniques
such as machining: in the aerospace sector, buy-to-ﬂy
ratios (the ratio of the weight of the initial workpiece to
the one of the ﬁnished part) can be as high as 30,[1] while
in AM, this can be potentially reduced to around 1.5 or
lower.[2] The high cost of titanium production and
machining has been the main motivation for the large
number of investigations into AM methods.
Wire+arc additive manufacturing (WAAM) uses
metal in the form of wire in combination with an arc,[3]
and can be based on either Tungsten inert gas (TIG),[4,5]
plasma,[2] or metal inert gas welding.[6] The microstruc-
tures of Ti-6Al-4V produced by WAAM can be either
Widmansta¨tten or martensitic which depends not on the
cooling rate of the ﬁrst cycle after the material is
deposited, but on the peak temperature and cooling rate
when the subsequent layers are deposited.[2] The prior b
grains are equiaxed near the substrate; however, further
away epitaxial growth results in large columnar grains
that traverse the deposited layers. These grains grow
opposite to the heat ﬂow and are highly textured, leading
to anisotropic mechanical properties.[4]
High-pressure rolling, originally developed for weld-
ing,[7] is a local mechanical stretching method in which a
load is applied with a moving roller. If the load is
suﬃcient to compress plastically the bead in the normal
direction, a plastic stretching will occur in the rolling
direction, thus decreasing the longitudinal residual
stresses.[8] When applied to steel WAAM structures,
rolling resulted in a reduction of the grain size, due to
the enhanced recrystallization that occurred with the
deposition of the subsequent layer on the plastically
deformed component.[9] Rolling of Ti-6Al-4V WAAM
structures was initially presented,[10,11] and will be
discussed in depth in this paper.
II. EXPERIMENTS
The experiments were performed on a custom-made
rolling rig, equipped with a Lincoln Electric Invertec
V310-T AC/DC TIG power supply. A schematic view
of the setup is shown in Figure 1(a) (the X, Y, and Z
directions are deﬁned in this ﬁgure). The parameters
for the pulsed TIG process, which are presented in
Table I, produced a wall width of 6 mm. Aerospace
grade 5 Ti-6Al-4V welding wire was provided by VBC
Group; its chemical composition was taken from the
material certiﬁcate and is shown in Table II.
A. Evaluation of Strain and Microstructure
These experiments were used to characterize the
microstructure of WAAM samples that were rolled
between depositing layers. Baseplates which were
405-mm long, 60-mm wide, and 6-mm thick were
clamped by screws along each side of the plate
(Figure 1(b)). Six walls were built: a ‘‘control’’ left in
the as-deposited condition; three samples that used a
‘‘proﬁled’’ roller with loads of 50, 75, and 100 kN, and
two that used a roller with a ﬂat proﬁle and loads of 50
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and 75 kN. Rolling loads were chosen on the basis of
previous work on steel,[9] and considering the higher
strength of Ti-6Al-4V. A sample was produced with a
100 kN rolling load; however, it fractured at the
interface between the wall and the substrate after rolling
the seventh layer.
The ‘‘proﬁled’’ roller’s shape approximately con-
formed to the proﬁle of the deposit as shown in
Figure 1(c). Both rollers were made of case-hardened
H13 tool steel and a rolling speed of 3 mm s1 was used.
Layer deposition and rolling application were alter-
nated, and the part was allowed to cool to room
temperature, before rolling was applied. Deposition
started 20 mm from the end of the baseplate and
stopped 15 mm from the other end (Figure 1(b)), giving
a total wall length of 370 mm. Rolling began and ended
35 mm from the ends of the deposit.
The layer height (LH) from the baseplate was mea-
sured with a digital vernier at three points labeled M1,
M2, and M3 (lhi;j) which are indicated in Figure 1(b),
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Fig. 1—Experimental setup for rolling investigation: (a) schematic of experimental setup, (b) details of base plate including holes for clamping,
and (c) dimensions of the roller.
Table I. Deposition Parameters
Wire feed speed 1.6 m min1
Travel speed 4.5 mm s1
Peak current 150 A
Background current 70 A
Average current 110 A
Pulse duration 0.05 s
Frequency 10 Hz
Gas ﬂow rate 10 L min1
Trailing shield gas ﬂow rate 20 L min1
Electrode to workpiece distance 3.5 mm
Table II. Chemical Composition of Ti-6Al-4V Wire Used in the Experiments
Ti Al V Fe O C N H TOE Y Others
Bal. 6.08 4 0.18 0.16 0.035 0.011 0.0017 <0.2 <0.001 <0.05
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before and after rolling; i indicates the layer number,
and j the point of measurement. The height of each layer
(LHi), and mean LH (LH) were calculated from:
LHi ¼ 1
3
X3
j¼1
lhi;j
 !
 1
3
X3
j¼1
lhi1;j
 !
½1a
LH ¼ 1
16
X20
i¼5
LHi ½1b
The ﬁrst four layers were excluded from the calculation
of the overall LH due to the thermal eﬀect of the
baseplate which reduced the deposit wall width and
increased the LH.[2]
The average total engineering strains (y and z)
introduced by rolling were calculated in terms of the
fractional diﬀerence between the unrolled and rolled
wall widths (for y) and LHs (for z), respectively. The
semi-automatic nature of the manipulating system,
combined with the manual start and stop of the welding
arc, resulted in small inaccuracies in the length of the
deposits. Consequently, the change in the deposits’
length (x) could not be assessed.
Cross-section specimens were extracted from the XY,
XZ and YZ planes, at the mid point of each wall. These
sections were mounted in resin, ground, polished and
etched with a solution of hydroﬂuoric acid for optical
microscopy imaging. Images taken from the center of
the specimens extracted from the YZ plane were used
for prior grain size measurement, which was done with
the the linear intercept method.[12] For each image, ﬁve
measurements were taken for three directions (0, 45, and
90 deg line orientations) giving a total of 15 measure-
ments per sample.
The thickness of a lamellae in the samples produced
with the proﬁled roller was measured using ﬁve scanning
electron microscope (SEM) images according to the
method explained in Tiley et al.[13] Each image corre-
sponded to a speciﬁc location within a generic band, as
Fig. 2—Semi-automatic method to measure the thickness of the a laths, as described in Tiley et al.[13] (a) shows as an example the original image
taken from location C of the specimen rolled at 75 kN. (b) shows ﬁve lines of known length with 0 deg inclination. (c) shows the lines broken
where they intercept a phase boundaries. (d) shows the full set of lines oriented with 0, 45, 90, and 135 deg inclinations.
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described in Martina et al.[2] Prior to the SEM investi-
gation, the samples were re-polished for eight minutes at
100 kg/m2 and 80 rpm. SEM images were taken using a
backscatter detector, a voltage of 20 keV, and a spot size
of four (Figure 2(a)). The images were processed with
Adobe Photoshop CS4.[14] For each image, ﬁve lines
were drawn to give ﬁve sets of measurements for a
particular direction (Figure 2(b)). The lines were divided
where they intercepted the boundaries of a phase laths
(Figure 2(c)). This was repeated for four directions (0,
45, 90, and 135 deg orientations) giving 20 measure-
ments per location (Figure 2(d)), in accordance with
ASTM E1382,[15] to take into account the strong
anisotropy of the microstructure. The length of the
intercepts across each line was determined using the
ImageJ software[16] and its plugin Measure Roi PA.[17]
Finally, the a lamellae thickness was determined
as 1=1:5ð1=kÞmean
[13] where kmean is the mean intercept
length.
B. Fundamental Study
The fundamental study was used to understand
separately the factors that inﬂuence the microstructural
Table III. Average Engineering Strains (Pct)
Profiled Roller Flat Roller
z y z y
50 kN 7.9 8.1 4.4 6.8
75 kN 18.2 17.5 15.0 20.3
Fig. 3—Optical microscopy images of cross sections taken from YZ plane from (a) control sample, (b) sample rolled at 50 kN, and (c) sample
rolled at 75 kN with the proﬁled roller; and (d) sample rolled at 50 kN and (e) sample rolled at 75 kN with the ﬂat roller. Note the diﬀerence in
the components’ height and width.
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changes, occurring as a result of rolling and deposition.
Baseplates were 250-mm long, 60-mm wide, and 6-mm
thick, and were clamped by screws along each side of the
plate. In this study, four linear walls of 20 layers each
were deposited without any interpass rolling. Subse-
quently, the following treatments were applied: for two
walls, only the last layer was rolled with loads of 50 and
75 kN, respectively; for the other two, only the last layer
was rolled at 50 and 75 kN, respectively, after which an
additional layer was deposited. Only the proﬁled roller
was used for this investigation. These four walls were
sectioned, and critical points in terms of microstructural
changes were identiﬁed. The sample rolled at 75 kN with
a subsequent layer deposited was repeated: before
depositing the 21st layer, two R-type thermocouples
were spot welded into the bottom of /3.2  3 mm deep
holes, 4.5 and 4.9 mm below the top. These holes
corresponded to 5.6 and 6 mm below the expected top of
the 21st layer. Finally, the same experiment was
repeated a further two times to validate the temperature
measurements 6 mm below the surface; one measured
the temperature at four points with R-type thermocou-
ples, and one measured it at four more points with
K-type thermocouples.
III. RESULTS
A. Strain
Average engineering strains are shown in Table III.
The strains for the two directions were very similar for
the samples rolled with the proﬁled roller; however, the
strain was greater in the transverse direction (y) for the
sample rolled with the ﬂat roller.
B. Microstructure
The cross-sectional microstructures from the ﬁve
samples are shown in Figure 3. All the samples were
slightly narrower near the baseplate due to the diﬀerent
heat ﬂow in this region.[2]
The control sample demonstrates large, columnar
prior b grains, which grew epitaxially from the baseplate
toward the top of the sample (Figures 3(a) and 4). The
thickness of these grains ranged from 1 to 3 mm and
could traverse the whole height of the deposit.
In the rolled samples, there was a signiﬁcant reduction
in the prior b grain size which decreased with increasing
rolling load. High-magniﬁcation optical microscopy
images taken from the three main sectioning planes
(YZ, XZ and XY) are shown in Figures 5 through 7.
Prior b grain size was measured using images from the
YZ cross-sectional plane and is reported in Table IV.
Horizontal bandswere observed in themacrostructures
of all the samples, one being produced with each
deposited layer (Figures 3 and 8(a)). In addition, colum-
nar prior b grains were observed in the top ca. 2 mm of all
samples. Furthermore, in the top layers of all samples,
martensite was found, which is evidenced by a character-
istic needle-like microstructure[18] and is shown in
Figure 8(b) for the sample rolled at 75 kN with the
proﬁled roller.
The rest of the sample had a Widmansta¨tten
microstructure (Figure 8(c)). SEM images taken from
the YZ sectioning plane at locations A, B, C, D, E (see
Figure 8(a)) are shown in Figures 9 through 11, for the
control and specimens rolled at 50 and 75 kN, respec-
tively. The thickness of the a phase lamellae, measured
from these images, is plotted in Figure 8(d).
There are two diﬀerences that need to be considered:
the diﬀerence due to the location within the band; and the
diﬀerence due to the rolling load.With respect to the ﬁrst,
the variation is obvious being well outside the conﬁdence
interval of the mean indicated in Figure 8(d), and the
thickness of the a lamellae was larger near the top of the
band (point E) and smaller near the bottom of the band
(pointA).With respect to the second, the diﬀerence is less,
particularly for locations C,D, andE. To assess this, the p
values comparing the statistical signiﬁcance of the diﬀer-
ent rolling loads are provided in Table V.
The main diﬀerence between the microstructures
produced by the ﬂat and proﬁled rollers is the size of
the prior b grains along the sides of the samples. While
the grain size was fairly uniform across the sample with
the proﬁled roller (Figures 3(b) and (c)), the sample
produced with the ﬂat roller had grains that were
approximately ﬁve to ten times bigger along the sides
Fig. 4—Optical microscopy images of control sample cross sections
taken from (a) XZ and (b) XY sectioning planes.
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(Figures 3(d) and (e)). This is highlighted in high-mag-
niﬁcation optical microscopy images taken from the
edges of the samples, from the XY sectioning plane and
collected in Figure 12.
The microstructures of the samples from the funda-
mental study are shown in Figure 13. Figures 13(b) and
(d) show the samples whose last layer was rolled only;
due to process noise, it is impossible to determine
exactly the extent of the plastic deformation induced by
the rolling step. However, it is possible to identify the
shift in the Z coordinates of the top band (highlighted
by the red lines), as well as a modest reduction in height.
Apart from the deformation induced by the roller, the
appearance of these samples was relatively unchanged.
The samples that had a subsequent layer deposited
(Figures 13(a) and (e), high-magniﬁcation optical micro-
scopy images shown in Figure 14) had a signiﬁcantly
diﬀerent microstructure. There were three diﬀerent
regions which are labeled with (1), (2), and (3) in
Figure 14. (1), closer to the top of the deposit, exhibited
columnar prior b grains aligned with the Z axis. These
grains grew from grains within the region (2), located
below, which was characterized by a reﬁned equiaxed
microstructure. Region (3) had long columnar prior b
grains that were identical to those observed in the
control. The microstructure of the a phase within these
regions was also signiﬁcantly diﬀerent. Within regions
(1) and (2), the microstructure was predominantly
martensitic, while in region (3), the microstructure was
the Widmansta¨tten microstructure that is observed in
the bulk material. The boundary between regions (2)
and (3), namely the recrystallization boundary, was
located 4.8 and 5.6 mm from the top surface, respec-
tively, for the 50 and 75 kN specimens with a subsequent
deposited layer (Figures 14(a) and (b)). For the latter,
the peak temperatures at the recrystallization boundary
and at the ﬁrst horizontal band in the deposited
microstructure are shown in Figure 15. The recrystal-
lization boundary had a peak temperature of 1053 K
(780 C) and a cooling rate from 973 K to 673 K
(700 C to 400 C) of 8.4 K/s; the ﬁrst band, after
removing the three outliers at 862 K, 1263 K, and
1341 K (589 C, 990 C, and 1068 C) had a peak
temperature of 1013 K (740 C) and a similar cooling
rate from 973 K to 673 K (700 C to 400 C) of 7.4 K/s.
In Figure 15, the temperature distribution of the ﬁrst
band was based on six-point averages calculated every
ﬁve seconds. Error bars were calculated in the same way.
IV. DISCUSSION
A. Prior b Grains
The grain reﬁnement that is achieved with the
combination of rolling and deposition is a key ﬁnding.
Fig. 5—High-magniﬁcation optical microscopy images of cross sections taken on the YZ sectioning plane from (a) proﬁled roller, 50 kN; (b)
proﬁled roller, 75 kN; (c) ﬂat roller, 50 kN; and (d) ﬂat roller, 75 kN. Prior b grain boundaries are highlighted for reader’s convenience.
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Understanding the mechanism that causes this is com-
plex: the ﬁnal microstructure is a consequence of the
combination of deformation from rolling and the
subsequent heat treatment from the deposition process.
To the authors’ knowledge, this kind of microstructural
change in titanium (static recrystallization) has not been
reported elsewhere.
Investigations of static recrystallization on titanium
are mostly limited to commercially pure titanium
where the kinetics of the transformation are not
complicated by the presence of a second phase. This
is an example of ‘‘classic’’ recrystallization where
rolling introduces stacking faults, points defects, dis-
locations, and twins which provide the driving force
for recrystallization when the material is heated above
the recrystallization temperature. The recrystallization
temperature in commercially pure titanium is 921 K to
942 K (646 C to 669 C), well below the b transus
temperature of 1155 K (882 C).[19] There is a single
investigation on static recrystallization of Ti-6Al-4V
which investigates recrystallization up to temperatures
of 1153 K (880 C).[20] There is considerably more
work on dynamic recrystallization of Ti-6Al-4V which
occurs during hot deformation. In Seshacharyulu
et al.,[21] recrystallization of the b phase was observed
at 1373 K (1100 C) and relatively low strain-rates of
0.01 s1.
In the fundamental study, the temperature at the
recrystallization boundary (5.6 mm from the top, see
Figure 15) was 1053 K (780 C), below the b-transus
temperature and the b phase recrystallization tempera-
ture mentioned in Seshacharyulu et al.[21] Since errors in
this measurement can occur due to precise placement of
the thermocouple which is exacerbated by the steep
thermal gradient, the measurement was repeated nine
times to improve conﬁdence in this ﬁnding. The signif-
icant inﬂuence of the rolling load on the position of the
recrystallization boundary (see Figures 14(a) vs (b))
suggests that it is dependent on the amount of strain
rather than the peak temperature. Although they
modeled rolling of friction stir welds, Colegrove et al.[22]
showed that the higher the rolling load, the deeper the
deformation, which appears to strongly inﬂuence the
recrystallization of the material.
A higher rolling load also introduced more stored
energy. This explains why for the same deposition
parameters (which corresponded to identical heat treat-
ment conditions) the 75 kN specimens underwent more
recrystallization, and exhibited smaller prior b grains.
Finally, the results with the ﬂat roller demonstrated a
non-uniform reﬁnement of the prior b grain size, which
is larger along the side of the walls. As seen in
Figures 3(d) and (e), the ﬂat roller causes a signiﬁcant
amount of ﬂattening of the deposited material.
Fig. 6—High-magniﬁcation optical microscopy images of cross sections taken on the XZ sectioning plane from (a) proﬁled roller, 50 kN; (b)
proﬁled roller, 75 kN; (c) ﬂat roller, 50 kN; and (d) ﬂat roller, 75 kN. Prior b grain boundaries are highlighted for reader’s convenience.
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Therefore, the strain induced in the material is likely to
be concentrated around the center of the deposit. Since
there is a link between the strain in the material and the
subsequent prior b grain size, which is evidenced by the
correlation between the rolling load and prior b grain
size in Table IV, the concentration of strain in the center
of the deposit causes the greater grain reﬁnement in this
region.
B. a Phase and Banding
The temperature of the point that is associated with
the top band in the microstructure (6 mm from the top
surface) was 1013 K (740 C). Within the limits of
experimental error, this point appears to be related more
to the a dissolution temperature of 1021 K (748 C),[23]
than to the b-transus temperature as previously sug-
gested.[2] Please note the precise value for these
transition temperatures can vary according to heating
rates and conditions.[24]
The gradient in the a lamellae size shown in
Figure 8(d), already observed in plasma[2] and laser[23,25]
deposited Ti-6Al-4V structures, is due to the diﬀerences
in peak temperatures and cooling rates observed in
diﬀerent Z coordinates during the deposition of a layer.
This concept was presented in Martina et al.[2] and will
be reﬁned further here. As shown in Figure 8(e), a
typical thermal cycle may be simpliﬁed into three main
sections: heating (stage 1), a period tP when the material
is around the peak temperature TP (stage 2), and cooling
(stage 3). It was suggested there is little diﬀerence in
cooling rate in the top 4 to 6 mm of the deposited
structure, i.e., irrespective of the peak temperature and
distance from the heat source, the average cooling rate
on the tail (stage 3) is similar.[2] This is conﬁrmed by the
experimental measurements shown in Figure 15, where
Table IV. Prior b Grain Sizes
50 kN 75 kN
Average (lm) SD Average ( lm) SD
Proﬁled roller 125 29.5 89 12.2
Flat roller 139 20.8 56 6.4
Fig. 7—High-magniﬁcation optical microscopy images of cross sections taken on the XY sectioning plane from (a) proﬁled roller, 50 kN; (b)
proﬁled roller, 75 kN; (c) ﬂat roller, 50 kN; and (d) ﬂat roller, 75 kN. Prior b grain boundaries are highlighted for reader’s convenience.
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Fig. 8—(a) Microstructure observed before and after the deposition of a new layer, and their locations within the components; (b) optical micro-
scopy image of martensite observed in the top of the sample rolled at 75 kN; (c) scanning electron microscope (SEM) image of the Wid-
mansta¨tten microstructure observed in the rest of the samples; (d) plot of the a thickness vs the locations showed in (a) (error bars indicate
95 pct conﬁdence interval of the mean); (e) cooling curves for top of deposit, ﬁrst band, and area immediately below.
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Fig. 9—Scanning electron microscope (SEM) images taken from the control sample to show the increase in the thickness of the a phase. (a) Ta-
ken from Location A; (b) taken from Location B, (c) taken from Location C, (d) taken from Location D, and (e) taken from Location E. The
locations of A to E within each band are shown in Fig. 8(a).
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Fig. 10—Scanning electron microscope (SEM) images taken from the sample rolled at 50 kN with the proﬁled roller, to show the increase in the
thickness of the a phase. (a) Taken from Location A; (b) taken from Location B, (c) taken from Location C, (d) taken from Location D, and (e)
taken from Location E. The locations of A to E within each band are shown in Fig. 8(a).
METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 46A, DECEMBER 2015—6113
Fig. 11—Scanning electron microscope (SEM) images taken from the sample rolled at 75 kN with the proﬁled roller, to show the increase in the
thickness of the a phase. (a) Taken from Location A; (b) taken from Location B, (c) taken from Location C, (d) taken from Location D, and (e)
taken from Location E. The locations of A to E within each band are shown in Fig. 8(a).
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the cooling rate at the two locations (7.4 to 8.4 K/s) was
suﬃcient to produce at least a partially martensitic
microstructure.[26]
Upon deposition of a new layer iþ 1 which creates
the band iþ 1 (see Figure 8(a)), martensite is produced
in the newly deposited material. Immediately below, the
material deposited during layer i is taken above the b
transus temperature and experiences a cooling rate
suﬃcient to produce martensite. Closer to, but above the
band iþ 1 there is suﬃcient temperature and time
during stage 2 to transform the martensitic a into very
ﬁne Widmansta¨tten. In fact, during annealing, marten-
site decomposes to aþ b either by b particles at
dislocations, or b layers between a boundaries.[18] In
the area between the bands i and iþ 1, coarsening of the
very ﬁne Widmansta¨tten produced during the deposition
of layer i occurs, and the pattern shown in Figures 8(d)
through 11 is generated. Below band i, no signiﬁcant
microstructural changes occur, apart from a possible
coarsening of a lamellae which retain the repetitive
pattern.
The addition of deformation introduced a small but
measurable reduction in the overall size of the a lamellae
(Figure 8(d)). There are three reasons for this behavior.
Firstly, it could be a consequence of the larger number
of grain boundaries. In the case of basketweave or
Table V. P Values of Student’s T Tests Performed on the Size Distribution of the Measured a Lamellae Thickness of a Speciﬁc
Location Against the Same Corresponding to Another Sample
A B C D E
Control vs 50 kN <0.001 <0.05 <0.05 <0.001 <0.001
Control vs 75 kN <0.001 <0.001 <0.001 <0.001 <0.05
50 kN vs 75 kN <0.001 <0.001 0.14 0.74 0.14
Fig. 12—High-magniﬁcation optical microscopy images of cross sections taken on the XY plane from (a) proﬁled roller, 50 kN; (b) proﬁled roll-
er, 75 kN; (c) ﬂat roller, 50 kN; and (d) ﬂat roller, 75 kN. These images are taken on the edge of the samples to highlight the diﬀerent grain size
produced by the two types of rollers for the same load. Prior b grain boundaries are highlighted for reader’s convenience.
METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 46A, DECEMBER 2015—6115
Widmansta¨tten microstructures, a colonies nucleate at
the grain boundaries and grow perpendicular to
them.[18] When a colonies collide with each other, and
therefore, cannot grow further, additional colonies start
nucleating perpendicular to the side of those which have
already developed. In the case of the rolled samples,
there were more a phase nucleation sites due to the
larger number of prior b grains. Therefore, lamellae
growth is hindered by their own competition, hence the
overall size of the lamellae decreases with the increasing
rolling load. However, there is a large diﬀerence in the
scale of the prior b vs the a lamellae thickness (100 lm vs
<1 lm, respectively) so the inﬂuence of this may be
limited. An alternative explanation is that deformation
inﬂuences the transformation of martensitic a to Wid-
mansta¨tten providing more nucleation sites for the trans-
formation which leads to a ﬁner microstructure. Finally,
recrystallization happened at temperatures comparable to
those used to achieve a fully equiaxed microstructure
during plates production, in which case the a phase
equilibrium volume fraction is large enough to stimulate
the growth of a phase from the deformed lamellae.[27]
At the top of the deposit, there was a region with
columnar prior b grains which extended approximately
2 mm (see optical microscopy images in Figures 3 and
14). Although not measured, the boundary with the
equiaxed material underneath may correspond closely to
the region that was molten during the deposition of the
last layer; the solidifying grains grow epitaxially from
the material underneath.
C. Practical Aspects
High-pressure interpass rolling was performed after
the part was allowed to cool down to room temperature.
The time taken for the part to cool down and the rolling
process itself will aﬀect the productivity of WAAM.
However, depositing large parts will extend the cooling
time between layers lessening its impact on productivity.
In addition, various techniques may be considered for
improving process productivity including depositing
multiple parts at once, using multiple processing heads,
i.e., one for deposition and another for rolling, and
cryogenic cooling. Therefore, there are a number of
(a) (b) (c) (d) (e)
Fig. 13—Optical microscopy images from the fundamental study samples rolled with loads of (a) 75 kN with subsequent deposited layer, (b) 75
kN, (c) control, (d) 50 kN, and (e) 50 kN with a subsequent deposited layer.
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options to eﬃciently implement interpass rolling on a
production system.
Finally, with regard to the ﬂat roller, this solution is
of particular interest because it has a number of
practical advantages over the proﬁled roller: ﬁrstly, the
shape of the roller is independent of the deposit
geometry so a single roller could be used for a variety
of wall widths; secondly, most real WAAM parts have
intersecting features which cannot be rolled easily with
the proﬁled roller.
V. CONCLUSIONS
1. Rolling induced significant prior b grain refinement,
a reduction in the overall thickness of a phase
lamellae, and a modification of the microstructure
from strongly columnar to equiaxed. This is due to
the recrystallization that occurred when the previ-
ously deformed layer was heated during the depo-
sition of the next layer.
2. A fundamental study was used to understand the
microstructural changes that occurred during the
process. The last layer of an ‘‘unrolled’’ control sample
was rolled after which a new layer was deposited. The
size of the recrystallized region was influenced by the
load and hence the extent of deformation in the
material. In addition, the temperature of the recrystal-
lized region boundary and first microstructural band
were 1053 K and 1013 K (780 C and 740 C),
respectively, below the b transus and very close to the
a dissolution temperature of 1021 K (748 C).
3. The flat roller, which has significant practical
advantages, provided similar reductions in prior b
grain size and may be the preferred choice for
commercial exploitation of the process.
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